Incorporation of semiochemicals into codling moth, Cydia pomonella (L.) (Lepidoptera: Tortricidae), IPM programs has drastically reduced the amount of chemical insecticides needed to control this orchard pest. Odorant receptors are key sensors in the detection of semiochemicals and trigger downstream signaling events leading to behavioral responses. For codling moth, 58 odorant receptors have been identified in antennal transcriptomes, a few of which have been characterized for ligand activation. From the codling moth antennal transcriptome, a single transcript encoding CpomOR53 was annotated but re-evaluation suggests two or more variants of this receptor may be present and it is hypothesized that they are produced by alternative splicing. In this study, the complete open reading frame of CpomOR53 was amplified from codling moth male and female antennal RNAs, with three distinct transcripts detected. Characterization of these transcripts indicate that they are produced by alternative splicing of the CpomOR53 gene. The membrane topology for each of the CpomOR53 variants shows that alternative spliced products altered the length of intracellular loop two of the predicted proteins. The effects of these alterations were not determined but will be addressed in future studies determining the ligand(s) that activate each CpomOR53 transcript variant.
The central role of olfaction in the life of insects has been well documented. Olfactory cues from conspecifics and environmental/ ecological sources mediate most vital behaviors, including mate and host seeking, oviposition, and predator avoidance. Extensive research efforts have characterized the role of odorant receptor proteins in the detection of odorants. Through expression on the dendrites of olfactory neurons, odorant receptors interface insects with the environment and serve as the molecular gateway to olfactory centers in the brain and downstream behavior (reviewed in Leal 2013) . Compared with vertebrates, insects have a reduced number of odorant receptor genes. Across life, however, alternative splicing and other transcript variant mechanisms contribute to diversity in the functional proteome beyond the number of genes (Kornblihtt et al. 2013) .
From the discovery and functional characterization of odorant receptors to dissecting neurobiological circuitry, Drosophila melanogaster Meigen (Diptera: Drosophilidae) has served as a model organism for elucidating the molecular mechanisms of the insect olfactory sense. However, in D. melanogaster, odorant receptor splice variants are relatively rare; the initial genomic analysis on D. melanogaster ORs, revealed only two genes containing potential splice variants (Robertson et al. 2003) . Recent reports have focussed on functional characterization of insect odorant receptor splice variants, as well as their presence in insects beyond Drosophila.
In D. melanogaster, two transcript variants of the odorant receptor, OR69a, have been shown to be co-expressed in the same population of olfactory neurons. Functional characterization of the OR69a variants demonstrated that one responds to food cues, while the other responds to food cues plus a newly identified female-emitted pheromone (Lebreton et al. 2017 ). In the malaria vector mosquito, Anopheles gambiae (Giles) (Diptera: Culicidae), polycistronic mRNA specimen encoding six ORs were described, and these six ORs were verified to be co-expressed in the same olfactory neurons. Moreover, a variant transcript encoding only a more restricted subset of these ORs was suggested by the identification of a population of olfactory neurons that express only four of the six receptors (Karner et al. 2015) . These examples point toward the utility of transcript variants in broadening the response profile of olfactory neurons through expression of multiple receptor protein types.
In Lepidoptera, alternative splicing of OR genes has been reported for the navel orangeworm, Amyelois transitella Walker (Lepidoptera: Pyralidae) and codling moth, Cydia pomonella (L.) (Lepidoptera: Tortricidae). For the navel orangeworm, alternative splicing of the AtraOR4 gene results in transcripts encoding different C-terminal amino acid sequences, though the functional significance of these variants remains unknown (Garczynski and Leal 2015) . Likewise, the presence of putative C-terminus splice variants for the CpomOR6 gene was identified in a codling moth antennal transcriptome (Walker et al. 2016) . Subsequent functional characterization showed CpomOR6a was activated by the pheromone antagonist, codlemone acetate (Cattaneo et al. 2017 ), but the ligand for CpomOR6b was not identified. Upon further examination of the codling moth antennal transcriptome, a second odorant receptor, CpomOR53, was identified to have potential transcript variants produced by alternative splicing. The aim of this report was to validate the transcriptome findings for CpomOR53 variants and further characterize them in C. pomonella antennae.
Materials and Methods

Insects and Dissection
A codling moth colony maintained at the USDA-ARS, Wapato, WA, and rearing conditions have been previously described (Garczynski et al. 2017) . Antennae were dissected from 200 adults within 24-48 h of emergence with #5 Dumont Biology Grade stainless steel tweezers (Ted Pella, Inc., Redding, CA) and placed directly into 1.5 ml microfuge tubes containing 100 μl RNAlater (Ambion, Austin, TX) for RNA extraction or in empty 1.5 ml tubes for genomic DNA (gDNA) extractions. Antennae in RNAlater were stored at 4°C until RNA was extracted; antennae for gDNA extraction were stored at −80°C until used.
RNA Extraction, cDNA Synthesis, and Genomic DNA Extraction
Total RNA was extracted from dissected antennae using the RNeasy Plus Mini Kit (Qiagen, Valencia, CA) according to the manufacturer's protocol for purification of total RNA from animal tissues. Total RNA was quantitated on a NanoDrop 2000 Spectrophotometer (Thermo Scientific). SuperScript III First-Strand Synthesis SuperMix (Invitrogen, Carlsbad, CA) was used to generate cDNA from 2 µg of total RNA extracted from male and female antennae using the manufacturer's protocol and oligo d(T) 12-18 as primer. Genomic DNA (gDNA) was prepared from adult male and female antennae using the GeneJET Genomic DNA Purification Kit (Thermo Scientific) according to the Mammalian Tissue and Rodent Tail Genomic DNA purification protocol supplied by the manufacturer. Total gDNA was quantitated on a NanoDrop 2000 Spectrophotometer (Thermo Scientific).
Amplification, Cloning, and Sequencing of CpomOR53 Gene Transcripts and Exon/Intron Boundaries
Oligonucleotide primers to amplify CpomOR53 were designed using the Primer 3 function in Geneious R11 v11.1.2 (http://www. geneious.com; Kearse et al. 2012 ). The primer pair OR53 ORF Fwd: 5ʹ-CCAAACTGAAGATGAAGCTAACTCA-3ʹ and OR53 ORF Rev: 5ʹ-CAGATGCATTCTTATCTTATTCATCGC-3ʹ were used to amplify the ORF encoding CpomOR53. For amplification of CpomOR53 exons/introns from genomic DNA, the primers used were Or53 5ʹExon Fwd: 5ʹ-ACTGATAATCAACGGGGTAGCG-3ʹ and OR53 3ʹExon Rev: 5ʹ-CAACGCATGAAACCGTTTCCT-3ʹ. For end-point reverse transcription PCR (RT-PCR), PrimeSTAR MAX premix (2X) (Takara Bio USA, Inc., Mountain View, CA) was used in 20 µl reaction volumes containing 300 nM each primer and 100 ng template (cDNA, genomic DNA, or water for no template controls). Amplification conditions used were: initial denaturation: 3 min at 94°C; followed by 40 cycles of denaturation: 10 s at 94°C; annealing: 10 s at 62°C; extension: 120 s at 72°C; and ending with a polishing step of 5 min at 72°C. PCR products were separated on 1.2% agarose gels containing ethidium bromide and after separation, bands were visualized on a UV light box, excised and purified using GenElute Minus EtBr spin Columns (Sigma-Aldrich, St. Louis, MO). To determine the identity of the purified PCR products, 3'A overhangs were added (https://openwetware.org/wiki/Addition_ of_3%27_A_overhangs_to_PCR_products) with Titanium Taq (Takara Bio USA), PCR products were cloned using a TOPO-TA cloning kit for sequencing (Life Technologies, Carlsbad, CA) and clones were sequenced at MC Laboratories (San Francisco, CA).
Transcript Expression Estimates, Sequence Analyses, and Prediction of CpomOR53 Protein Topology
Transcript expression was previously described (Walker et al. 2016 ). Sequences of cloned CpomOR53 PCR products were loaded into Geneious R11 v11.1.2, and the vector sequences were removed. The trimmed sequences were assembled in Geneious R11 v11.1.2 using the pair-wise alignment tool to obtain the full-length sequence of each clone, to check for any ambiguous nucleotides and to determine the deduced amino acid sequences for each ORF. Transmembrane domains for each of the deduced proteins were predicted with Topcons (http://topcons.cbr.su.se/; Tsirigos et al. 2015) . Topology for transmembrane domains was predicted using Protter V. 1.0 (http:// wlab.ethz.ch/protter/, Omasits et al. 2014) . Results from Protter were elaborated using Adobe Illustrator CS4 V. 14.0.
Results and Discussion
Detection of CpomOR53 Transcripts and Their Nucleic Acid Sequences
To determine whether multiple transcripts encoding CpomOR53 are expressed in codling moth male and female antennae, the complete ORFs were amplified from male and female antennal RNAs by RT-PCR. Three amplicons of ~1100, 1300, and 1400 bp were visualized on agarose gels when separating the PCR products from male and female antennal cDNAs (Fig. 1A) . To determine the identity of the amplicons from PCR analysis discussed earlier, each PCR product was cloned, and the DNA sequences were determined. From the DNA sequences, three CpomOR53 transcript variants were obtained; a long variant with an ORF of 1410 nt (CpomOR53a; GenBank MH819194), a medium variant with an ORF of 1200 nt (CpomOR53b; GenBank MH819195), and a short variant with an ORF of 1140 nt (CpomOR53c; GenBank MH819196). Multiple sequence alignment of the CpomOR53 transcripts shows identical sequence from nucleotides 1 to 658 and from 940 to 1410 (Supp Data 1 [online only]). Alignment of the transcript sequences surrounding the variable region, between nucleotides 650 and 945, is shown in Fig. 2A . These results support the transcriptome findings that multiple CpomOR53 transcripts are expressed in codling moth male and female antennae.
CpomOR53 Transcript Expression in the Codling Moth Antennal Transcriptome
A transcript (GenBank: JN836678.2 which has five SNPs when compared with CpomOR53c above) encoding the open reading frame of a protein annotated as CpomOR53 has been reported to be expressed in codling moth adult male and female antennae [Walker et al. 2016 ; a partial transcript annotated as CpomOR9 was previously reported (Bengtsson et al. 2012)] . At the gene level, transcript expression of CpomOR53 was determined to be 35.44 fragments per kilobase of transcript per million read values (FPKM) in males and 45.12 FPKM for females. (Walker et al. 2016 ). Re-evaluation of the assemblies indicated that three other CpomOR53 transcripts were also present in the antennal transcriptomes, including the short, medium, and long variants described earlier. FPKM values were determined for each variant expressed in male and female antennae. In male antennae, FPKM values for CpomOR53a, CpomOR53b, and CpomOR53c were 6.29, 14.45, and 13.53, respectively. In female antennae, FPKM values for CpomOR53a, CpomOR53b, and CpomOR53c were 10.37, 16.18, and 16.79, respectively.
A
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Proteins Encoded by CpomOR53 Transcript Variants Differ in the Length of Intracellular Loop 2
Proteins encoded by the ORFs of CpomOR53a, CpomOR53b, and CpomOR53c transcripts were 469, 399, and 379 amino acids, respectively. Multiple sequence alignment of the CpomOR53 proteins shows identical sequence from amino acids 1 to 219 and from 309 to the stop codon (Supp Data 2 [online only]). Alignment of the protein sequences surrounding the variable region, between amino acids 181 and 360, is shown in Fig. 2B . To determine the effects that the additional amino acids have on protein structure, transmembrane domains for each of the deduced proteins were predicted with Topcons (Tsirigos et al. 2015) . The snake plot showing membrane topology indicates differences for each protein is in intracellular loop 2 (IL2) length with CpomOR53a having an IL2 of 148 aa, IL2 for CpomOR53b is 98 aa, and for CpomOR53c 78 aa (Fig. 3) . The longer IL2 predicted for CpomOR53a is a characteristic found in Orco (Hopf et al. 2015 , Butterwick et al. 2018 . Additionally, N-glycosylation sites are predicted in intracellular loop 1 for all three CpomOR53 forms and a unique N-glycosylation site is predicted in IL2 of CpomOR53a (Fig. 3 ).
CpomOR53 Transcript Variants are Produced by Alternative Splicing
Because a codling moth genome is not available, the variable regions identified in the CpomOR53 transcripts were amplified from gDNA to identify exon/intron boundaries. A PCR product of approximately 2,300 bp was amplified from gDNA extracted from male and female antennae (Fig. 1B) . Sequence analysis revealed the exon/ intron boundaries for each of the CpomOR53 transcripts with consensus donor (GT) and acceptor (AG) sites present for each variant (Fig. 4A) . The transcript encoding CpomOR53a is produced by constitutive mRNA splicing, while CpomOR53b is produced using an alternative 3ʹ splice site and CpomOR53c is produced by exon skipping (Fig. 4B ; Wang et al. 2015) .
Conclusion
Alternative splicing provides a mechanism to produce multiple protein encoding mRNA transcripts from the same gene. This study shows that three transcripts expressed in codling moth male and female antennae are produced from the CpomOR53 gene by alternative splicing. The proteins encoded by the alternatively spliced CpomOR53 transcripts differ in IL2 length. The functional significance of IL2 length for the CpomOR53 variants was not determined in this current study; however, it is possible that length differences could have effects on ligand binding, protein-protein interactions or in OR-mediated signal transduction (Fleischer et al. 2018 ). Very little is known about insect OR structure/function relationships; however, changes to the C-terminal amino acid sequence of odorant receptors affects ligand specificity (Hill et al. 2015) , and for Orco, C-terminal structure is proposed to be involved in receptor-receptor protein interactions (Miller and Tu 2008) . To determine the functional significance of varying lengths of IL2, future work on CpomOR53 transcripts must include identifying the odorants that interact with each of the proteins produced (reviewed in Cattaneo 2018), identifying potential protein-protein interactions as well as determining cell signaling events. 
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